Disposal of fecally contaminated poultry litter by land application can deliver pathogens and fecal indicator bacteria (FIB) into receiving waters via runoff. While water quality is regulated by FIB enumeration, FIB testing provides inadequate information about contamination source and health risk. This microbial source tracking (MST) study compared the persistence of the Brevibacterium sp. strain LA35 16S rRNA gene (marker) for poultry litter with that of pathogens and FIB under outdoor, environmentally relevant conditions in freshwater, marine water, and sediments over 7 days. Salmonella enterica, Campylobacter jejuni, Campylobacter coli, Bacteroidales, and LA35 were enumerated by quantitative PCR (qPCR), and Enterococcus spp. and E. coli were quantified by culture and qPCR. Unlike the other bacteria, C. jejuni was not detectable after 48 h. Bacterial levels in the water column consistently declined over time and were highly correlated among species. Survival in sediments ranged from a slow decrease over time to growth, particularly in marine microcosms and for Bacteroidales. S. enterica also grew in marine sediments. Linear decay rates in water (k) ranged from ؊0.17 day ؊1 for LA35 to ؊3.12 day ؊1 for C. coli. LA35 levels correlated well with those of other bacteria in the water column but not in sediments. These observations suggest that, particularly in the water column, the fate of LA35 in aquatic environments is similar to that of FIB, C. coli, and Salmonella, supporting the hypothesis that the LA35 marker gene can be a useful tool for evaluating the impact of poultry litter on water quality and human health risk.
T he practice of applying poultry litter (bedding contaminated with feces) as fertilizer is the chosen method of disposal of several billion tons of litter per year in the United States (1, 2) . Numerous studies have demonstrated the cause-and-effect relationship between land application of poultry litter and contamination of environmental waters and soils due to chemical and microbial pollution from runoff (3) (4) (5) (6) . The presence of pathogens such as Campylobacter jejuni, Salmonella enterica, and Staphylococcus aureus along with fecal indicator bacteria (FIB) such as enterococci and Escherichia coli in poultry litter is of particular concern from a public health perspective (7) (8) (9) (10) . The human disease risk associated with contamination of environmental water bodies with human fecal material is unambiguous; in contrast, the risk of disease from nonhuman fecal contamination (from animals and birds) is more variable and host dependent (11) .
Currently, water body contamination by fecal pollution is assessed by FIB levels. A body of literature has established that fecal coliforms, E. coli, and Enterococcus spp. can persist in environmental waters and in sediments (12) (13) (14) , indicating the existence of extraintestinal reservoirs of FIB. The ability of enteric pathogens to persist in environmental waters and sediments is much less clear and almost certainly varies by pathogen type and species (13, 15) . A better understanding of the relationship of pathogen persistence to that of FIB is required for accurate risk assessment and protection of the health of recreational water users (12, (16) (17) (18) .
The use of FIB for microbiological water quality monitoring provides no information on the source of contamination and inadequate indication of human health risk. The use of host-associated fecal microorganisms to identify dominant sources of contamination has proven to be advantageous for remediating fecally polluted water bodies (19) (20) (21) . These methods, collectively termed microbial source tracking (MST), are gaining importance in the management and regulation of water quality (22) (23) (24) (25) . Host-associated targets or "markers" have been developed to detect fecal contamination from varied sources such as humans, dogs, cattle, and birds (19, (26) (27) (28) (29) (30) (31) (32) (33) . Quantitative PCR (qPCR) detection and enumeration of FIB and MST markers provide a rapid means of accurate source identification and are being considered for use as an alternative to culture-based methods for microbial water quality assessment (27, (34) (35) (36) (37) . In 2010, Weidhaas et al. identified a poultry litter-specific sequence by targeting the 16S rRNA gene of a Brevibacterium sp. and developed a qPCR method to enumerate the marker in environmental samples (28) . The marker demonstrated 93% specificity when tested against a suite of nontarget fecal and sewage samples as well as covariance with FIB and some metals. The LA35 marker had a higher prevalence in environmental waters than other litter-specific markers (38) . This poultry litter-specific marker gene has been found in litter and fecal samples from Arkansas, Delaware, Florida, Georgia, Minnesota, Oklahoma, Puerto Rico, Utah, and West Virginia, providing evidence of its wide geographical distribution within the United States (28, 38, 39) . Consequently, it can serve as an important tool in tracking the contamination of water bodies due to runoff from land application of poultry litter. Ideally, the marker should be present in high enough concentrations in waste to be readily detectable in environmental matrices at a level that corresponds to the human health risk from pathogens (40) . Furthermore, the persistence of the marker should mimic that of pathogens to be useful for risk assessment and that of FIB for routine monitoring of environmental waters.
The main objective of this research was to evaluate the correlation in persistence of the poultry litter marker gene with human pathogens and FIB under conditions that included stressors which are relevant to aquatic environments, including the presence of sediments, predators, and competitors, as well as sunlight and varying temperatures. If the fate of the LA35 marker is similar to that of pathogens and FIB, then it would prove a valuable indicator of poultry litter contamination of water resources. Laboratoryscale microcosms were constructed in triplicate using either river water and sediment or marine water and sediment. The microcosms were inoculated with soiled poultry litter, placed in an outdoor greenhouse, and sampled over 1 week. Concentrations of FIB (E. coli and Enterococcus) in water and sediment were measured over time by culture-and qPCR-based methods. Concentrations of Salmonella, Campylobacter, Bacteroidales, and the poultry litter marker Brevibacterium sp. strain LA35 were also enumerated using qPCR.
MATERIALS AND METHODS

Microcosm setup.
Freshwater and sediment samples were collected from the Hillsborough River (Tampa, FL). Marine water and sediment samples were collected from Fort De Soto beach (Tierra Verde, FL). All samples were collected at knee depth on the same day in sterile, 5-liter carboys, transported to the laboratory within 2 h, and refrigerated overnight. Microcosms were set up in triplicate in sterile 2-liter glass beakers (3.0-mm thick Griffin beakers; Kimble Chase, Vineland, NJ). Each microcosm had 1 liter of freshwater or marine water and a one-inch layer of the corresponding sediment. In addition to the indigenous microbial population, each microcosm was inoculated with a pure culture of Salmonella enterica serovar Typhimurium CBD777 at a concentration of 10 8 CFU 100 ml
Ϫ1
(cells were washed with phosphate-buffered saline [PBS] prior to inoculation to prevent addition of excess nutrients). Each microcosm was also inoculated with 10 g (wet weight) poultry litter (obtained from West Virginia University Animal Sciences Farm, Morgantown, WV). Briefly, composite poultry litter samples were obtained by collecting eight (4 g each) scoops of poultry litter from eight different pens containing either adult male roosters or female chickens. The individual scoops of poultry litter from the different pens were homogenized in a sterile, stainless steel bowl, removing loose feathers and wood chips and then mixing the feces thoroughly to homogenize the sample. Poultry litter was packaged in a sterile 500-ml whirl pack bag and shipped overnight on ice to the testing laboratory. Microcosms were stirred well after addition of litter, and day 0 samples were collected only after complete settling (via gravitation) of the poultry litter. Individual microcosms were covered in plastic wrap, which was previously determined not to affect the survival of FIB (13) , and placed in random order in an outdoor greenhouse located at the University of South Florida Botanical Gardens (Tampa, FL). A Hobo data logger device (Onset, Cape Cod, MA) was immersed in a beaker with 1 liter of ambient water alongside the microcosms to record temperature, light intensity, and relative humidity values. The salinity of the water samples was measured using a hand-held refractometer (Fisher Scientific, Pittsburgh, PA). Environmental conditions during study. The salinities of freshwater and marine water were Ͻ1 ppt and 35 ppt, respectively. Average daytime temperatures during the duration of the experiment were 27 Ϯ 3.97°C, and average temperatures at night were 20 Ϯ 2.70°C. The average water temperatures for environmental waters were 27°C during daytime and 22°C during nighttime (data are available on the USGS and NOAA websites). The light intensity levels in the microcosms ranged from 2 lm ft 2Ϫ1 to 917 lm ft 2Ϫ1 . The relative humidity values ranged from 52% to 62%. Sample collection. Twenty milliliters of water was collected from the mid-water column, and 5-g (wet weight) sediment samples were collected by inserting a 50-ml conical tube to the bottom of each microcosm immediately after they were placed in the greenhouse to obtain baseline (C 0 ) measurements. Microcosms were also sampled (one 20-ml water sample and one 5-g sediment sample) on days 1, 2, 3, 4, and 7. Water samples were collected first, without disturbing the sediment layer. Collection of sediment samples caused minor resuspension of some sediment into the water column. Samples were collected in sterile 50-ml centrifuge tubes and placed on ice while being transported to the laboratory.
FIB enumeration. Culturable E. coli and enterococci in water and sediment samples were enumerated by standard membrane filtration methods (41, 42) . A range of dilutions were created using 1 ml of the water samples, and 1 ml of each dilution was filtered and filters placed on selective media. Sediment samples were diluted 1:10 (wet weight/volume) in sterile phosphate buffer solution (43) , shaken for 2 min, and allowed to settle before filtration (44) . E. coli colonies were enumerated on mTEC agar (Becton, Dickinson and Company, Sparks, MD) after incubation for 2 h at 35°C followed by 22 h at 44.5°C. Enterococcus colonies were enumerated on mEI agar (Becton, Dickinson and Company, Sparks, MD) after incubation for 24 h at 41°C.
DNA extraction. A 10-ml volume of the water sample specified above was used for DNA extraction. Samples were filtered through sterile 0.45-m polycarbonate filters (Fisher Scientific, Pittsburgh, PA) which were then placed in bead tubes (MoBio Laboratories, Carlsbad, CA) and stored at Ϫ80°C until further processing. A total of 0.3 g (wet weight) of sediment was weighed out into bead tubes and stored at Ϫ80°C until further processing. DNA was extracted from water and sediment samples using the PowerWater DNA isolation kit (MoBio Laboratories, Carlsbad, CA) and PowerSoil DNA isolation kit (MoBio Laboratories, Carlsbad, CA), respectively. To evaluate intrinsic levels of target microorganisms, 500-ml samples of freshwater and marine water were filtered individually and the filters subjected to DNA extraction. DNA was also extracted from 0.3 g (wet weight) of the corresponding sediments as well as poultry litter. A DNA extraction blank was included to ensure that no cross-contamination occurred during the extractions. DNA was quantified at 260 nm using a NanoDrop 2000 UV-visible spectrophotometer (Thermo Scientific, Wilmington, DE) and stored at Ϫ80°C until use.
Enumeration of target gene copy number using qPCR. Genes targeted in this study include the 16S rRNA gene of Brevibacterium sp. LA35 (28), the uidA gene of E. coli (35) , the 23S rRNA gene of enterococci (45), the 16S rRNA gene for general Bacteroidales (36), the invasion protein (invA) gene of Salmonella enterica (35) , the cytochrome c oxidase (ccoN) gene of C. jejuni (46) , and the outer membrane protein (cadF) gene of C. coli (46) . Duplicate reaction mixtures of 20 l each were prepared using sterile nuclease-free water, TaqMan Environmental master mix 2.0 (Applied Biosystems, Foster City, CA), primers (Eurofins Genomics, Huntsville, AL), probes (Applied Biosystems, Foster City, CA), and reaction conditions as previously described for each assay. A total of 5 l of the extracted DNA was used as the template (5 to 20 ng/l). A standard curve (constructed from plasmid DNA containing the appropriate target sequence) was included in each experiment by using 10-fold dilutions of plasmids ranging in concentration from 10 6 to 10 1 gene copies per reaction. In addition, two negative controls (no template added) were included. Amplification was performed in a 7500 real-time PCR system (Applied Biosystems). Gene copy concentrations were calculated as the mean concentration from duplicate reaction mixtures and were reported as ϫ 100 ml Ϫ1 for water or ϫ 100 g Ϫ1 (wet weight) for vegetation and sediment. The sample limit of detection (SLOD) for each target was 200 gene copies in 10 ml of water or 666.66 gene copies in 1 g of sediment. To check for PCR inhibition, DNA extracted from water and sediment samples as well as poultry litter was analyzed using a multiplex reaction which included primers for general Bacteroidales (GenBac) and probes for both GenBac and a synthetic internal amplification control (IAC). None of the reactions were deemed to be inhibited, since the threshold cycle (C T ) values for all samples were detectable and were lower than the C T values for amplification of the IAC in uninhibited samples.
Data analyses. Since initial (T 0 ) concentrations of target bacteria varied, statistical analyses were performed on normalized reductions (C/C 0 ) to reflect the proportion of each analyte that remained detectable at each time point. C/C 0 was calculated by dividing concentrations on each day of the experiment by the initial concentration at T 0 , and the resulting quotient was log 10 transformed.
Microorganism decay or growth rates were calculated for the water samples using the Excel add-in DMFit 3.0 (Baranyi and Roberts model) available at ComBase (http://www.combase.cc). The formula used for calculating bacterial persistence is as follows (47) (48) (49) (50) :
where t ϭ time, y(t) ϭ growth curve, y 0 ϭ natural logarithm of cell concentration at t 0 , D max ϭ maximum decay rate, m ϭ curvature parameter defining transition of the growth curve from exponential to stationary phase, v ϭ curvature parameter defining transition of the growth curve from lag phase to exponential phase, and h 0 ϭ product of maximum specific growth rate and lag. Given the complex growth, decay, and persistence of the bacteria in sediments, the DMFit model was suitable only for modeling bacterial concentrations in the water column. Linear correlations between the log 10 -transformed concentrations of LA35 and each individual target organism were performed using the Pearson product-moment correlation.
The total number of gene copies per matrix in a microcosm (calculated separately for each species) was calculated by multiplying the gene copy concentration obtained at each time point by the total volume of water or sediment (wet weight) in each microcosm. The amount of sample removed per day was accounted for, and total concentrations were normalized to the original volumes in order to compare trends in microbial populations as a function of the original volume. The total target bacterial numbers in water and sediment were added to determine the bacterial numbers in the entire microcosm. The difference between sediment and water column values on the day at which the highest sediment levels were observed was calculated as follows: [(sediment_gene copies/microcosm) ⍀ Ϫ (sediment_gene copies/microcosm) 0 ] Ϫ [(water_gene copies/microcosm) ⍀ Ϫ (water_gene copies/microcosm) 0 ], where ⍀ ϭ day at which highest sediment values were observed and 0 ϭ day 0. The effects of independent variables on bacterial persistence were evaluated using two-way analysis of variance (ANOVA) (GraphPad Prism software version 6.0 for Windows; GraphPad, San Diego, CA). Analyses were arranged in a 2-by-2 block design with the normalized reductions (C/C 0 ) presented in columns and matrix sampled (water/sediment) or water type (freshwater/marine) variables in rows.
RESULTS
Detection of
Campylobacter jejuni in microcosms. C. jejuni DNA was detected in the water and sediments of both freshwater and marine microcosms until day 2 but was not detectable thereafter; therefore, no statistical analyses were conducted on these data.
Bacterial persistence in freshwater and sediments. The qPCR analysis of the persistence of LA35, FIB (Bacteroidales, E. coli, and Enterococcus), and pathogens (C. coli and Salmonella) showed distinct differences according to species and location (water versus sediment) (Fig. 1A and B) . The water column of freshwater microcosms saw general declines in all bacterial DNA, with decay rates (Table 1) ranging from Ϫ0.26 day Ϫ1 for Bacteroidales to Ϫ3.12 day Ϫ1 for C. coli. In freshwater sediments, C. coli, E. coli, and Salmonella concentrations decreased by about one log. In fact, over a period of 7 days, there was little or no decrease in the levels of LA35 marker and Enterococcus in the freshwater sediments, while the concentration of Bacteroidales increased. Two-way ANOVA (Table 2) found significant differences in C/C 0 according to bacterial species (ϳ25% of variation). Location (water versus sediment) also played a significant role in the variation in bacterial persistence, accounting for a greater proportion of variation than species (ϳ55%). The interaction between location and species was statistically significant but accounted for only ϳ2% of the variability. These three factors accounted for ϳ82% of the variation in C/C 0 in freshwater microcosms.
In the water columns of freshwater microcosms, detection of the LA35 levels was linearly correlated (P Ͻ 0.05) with those of FIB and pathogens ( Fig. 2 and Table 3 ). In contrast, sediment LA35 concentrations were not correlated with any other bacteria (Table  3) . Linear correlations were observed between the FIB and pathogens in the water column (Table 3) . In freshwater sediments, E. coli was linearly correlated with Salmonella and C. coli (Table 3) .
The total number of gene copies per microcosm was calculated for each species in water and in sediment in order to determine whether loss of bacteria (genes) in the water column could account for increases in sediments (Fig. 3A) . The difference between sediment and water column values was assessed on the day at which the highest sediment levels were observed (Table 4 ) (see Materials and Methods for the formula). LA35 levels in sediments increased by about 10 8 from day 0 to day 3, while water column values decreased by only about 10 6 , strongly suggesting growth of LA35 in sediments. In contrast, the decrease in E. coli in the water column of 1.3 ϫ 10 7 was greater than the increase in the sediments of 5.9 ϫ 10 6 ; therefore, deposition from the water column to the sediments could theoretically have accounted for all of the increase in the sediments. Increases in sediment that suggested growth were also observed for Bacteroidales and Enterococcus but not for E. coli and C. coli.
Bacterial persistence in marine water and sediments. In the water columns of marine microcosms, a decrease (order of magnitude of approximately 3 to 4 logs) was observed in concentrations of E. coli, C. coli, and Salmonella (Fig. 1C) . LA35, Enterococcus, and Bacteroidales concentrations exhibited a steady decline until day 4 followed by a leveling off by day 7. In comparison, the concentrations of all organisms except LA35 and E. coli increased by 2 to 4 orders of magnitude over time in the sediment (Fig. 1D) . The water columns of marine microcosms saw a trend of general decline similar to that of the freshwater microcosms (Fig. 1) , with decay rates ranging from Ϫ0.17 day Ϫ1 for LA35 to Ϫ1.58 day
Ϫ1
for C. coli (Table 1 ). There was no significant difference between the decay rates for each organism in freshwater versus marine water (paired t test, P ϭ 0.101). Two-way ANOVA (Table 2) found significant differences in C/C 0 according to bacterial species (ϳ10% of variation). Location (water versus sediment) also played a significant role in the variation in bacterial persistence, accounting for a greater proportion of variation than species (ϳ82%). The interaction between location and species accounted for ϳ9% of the variability and was statistically significant. LA35 gene concentrations in the marine water column were significantly correlated (P Ͻ 0.05) with all targets except Bacteroidales ( Fig. 2 and Table 5 ). Bacteroidales was also not correlated with Salmonella concentrations. Linear correlations were observed among all the other bacteria (Enterococcus, E. coli, Salmonella, and C. coli) in the water column (Table 5) . No correlation was observed between LA35 and the other organisms in the sediment (Table 5) , as it was the only bacterium that did not increase over time. FIB and pathogens were linearly correlated in the sediments, but the FIB did not correlate with each other.
As described above for freshwater microcosms, the numbers of gene copies per microcosm in water and in sediment and the combined total were calculated for each species (Fig. 3B and Table 4 ). LA35 levels in sediments increased by about 10 8 from day 0 to day 3, while water column values decreased by about 10 7 , strongly suggesting growth of LA35 in sediments. In contrast, the decrease in Bacteroidales in the water column of 3.7 ϫ 10 9 was equivalent to the increase in the sediments of 2.6 ϫ 10 9 ; therefore, deposition from the water column to the sediments could theoretically have accounted for all of the increase in the sediments. Increases in sediment that suggested growth were also observed for Enterococcus but not for Salmonella and C. coli.
Effect of salinity (fresh versus marine) on target organisms. The trends for decreases in LA35, FIB, and pathogen levels were similar in both freshwater and marine water; hence, the effect of salinity on bacterial persistence was diminutive (0.3%) (see Table S1 in the supplemental material). Bacterial taxon was responsible for most of the variability in persistence (84%). Both sediment type and type of organism contributed significantly (51% and 42%, respectively) to bacterial persistence over time, implying that the salinity and the type of organism enumerated are both responsible for the variation observed (see Table S1 in the supplemental material).
Effect of enumeration method (qPCR versus culture based). The two FIB, Enterococcus and E. coli, were enumerated by membrane filtration and qPCR. Enterococcus concentrations determined by culture versus qPCR were significantly correlated (P ϭ 0.0004) in the water columns of freshwater and marine water microcosms (P ϭ 0.017) (see Fig. S1A in the supplemental material) . E. coli concentrations determined by culture versus qPCR were also significantly correlated in the water columns of freshwater (P ϭ 0.035) and marine water (P ϭ 0.014) microcosms (see S1C in the supplemental material). In the sediments, however, FIB levels determined by culture versus qPCR were not correlated (see Fig. S1B and D in the supplemental material).
In the water column, enumeration methods significantly contributed to the variation in Enterococcus concentrations (81%), while the effect of salinity (fresh versus marine) was minimal (11%). The interaction between enumeration method and salinity accounted for ϳ0.02% of the variability and was not significant. In sediments, both enumeration method (40%) and interaction (56%) significantly contributed to the variation in Enterococcus concentrations. Salinity was not a significant contributor to the variation in Enterococcus concentrations (1%) in sediments.
Both salinity and enumeration method had no effect on the variation in E. coli numbers (12% and 0.3%, respectively). The interaction between enumeration method and salinity (8%) was also not significant. In contrast, variations in E. coli concentrations could be attributed to enumeration method (39%) and interaction (55%) in sediment samples, while salinity did not contribute significantly (0.2%).
Correlation of the LA35 marker gene with culturable FIB concentrations. LA35 gene copy numbers were significantly correlated (P Ͻ 0.05) with culturable concentrations of enterococci (r 2 ϭ 0.978) and E. coli (r 2 ϭ 0.937) in the water columns of freshwater microcosms (see Fig. S2 in the supplemental material) but not in freshwater sediments or in either location in marine microcosms.
DISCUSSION
Contamination of water bodies by poultry litter poses a potential threat to public health because of the presence of human pathogens such as Salmonella, Campylobacter, and Staphylococcus aureus (8, 9, 39, 51) . The impact of agricultural practices on water quality, and consequently on human health, has been less scrutinized than the threat posed by human waste. Several risk assessment studies have focused on the human health risks associated with land application of biosolids and wastewater (52) (53) (54) . In contrast, due to inadequate data on sources, concentrations, and survival and transport of pathogens originating from animal waste, few risk assessment models have been designed for health impacts due to land application of animal waste.
Existing studies on the effect of land-applied manure on water quality include a rainfall simulation study, which concluded that microbial runoff from land application of poultry litter introduced substantial levels of bacteria into receiving waters (55). (56) . Another simulation study compared the FIB load from turkey litter runoff to those of unamended soil transport plots and determined that the levels of FIB mobilized from turkey litter-amended plots exceeded federal water quality standards, while the FIB contribution from unamended plots was miniscule (57) . However, it has been shown that vegetative filter strips as short as 4.9 m are capable of reducing bacteria in runoff from poultry litter-amended plots by orders of magnitude of several logs (58) .
We have demonstrated that the LA35 poultry litter marker is sensitive and specific for fecally contaminated poultry litter (28, 51) , that it covaries in surface waters with FIB and metals associated with poultry rearing (51) , and that its transport behavior in runoff covaries with that of S. aureus (58) . This study tested the hypothesis that LA35 persistence in environmental waters was consistent with that of FIB and various bacterial pathogens found in poultry feces. A 7-day incubation period was chosen, as the biphasic rapid decrease of bacteria followed by a lower rate of decline is readily observable in environmental or mesocosm studies (59, 60) . Longer incubation times have shown a continuation of the slow downward trend of most feces-associated bacteria until they reach undetectable levels (12) .
FIB, e.g., enterococci and Escherichia coli, are used as surrogates for pathogens in total maximum daily load (TMDL) and beach monitoring applications, but they are found in feces across a broad range of host taxa and provide no information about the contamination source. In order to be a useful pathogen surrogate and tool for risk assessment, the fate of an indicator or marker of fecal contamination should ideally reflect that of waterborne pathogens from fecal contamination (19) . In this study, the persistence of FIB and pathogens covaried with that of the LA35 gene marker in freshwater and marine water. Covariance of the LA35 poultry litter marker gene with culture-based concentrations of FIB in freshwater has been demonstrated in a previous studies (51, 58) and was reconfirmed in this study.
An accumulating body of evidence shows that some species and/or phylotypes of FIB can persist long-term or grow in aquatic a Where the difference column shows a positive value, the increase in sediments exceeded the decrease in the water column, indicating the probability of growth. habitats, particularly in sediments and on aquatic vegetation (61) (62) (63) (64) . In this study, we observed greater bacterial persistence in sediments than in the water column. Bacterial levels in sediments generally increased over time, particularly in the simulated marine system, where total (water plus sediment) Salmonella, C. coli, Bacteroidales, and Enterococcus increased by more than an order of magnitude. The increases in bacterial concentrations observed in sediments for these targets are most likely from replication, as the balance calculations show that the increases in sediment cannot be accounted for simply by losses from the water column. Sediments offer protection from UV light inactivation, predation, and nutrient deprivation by attachment of the bacteria to sediment particles (13, 14, 65) and seem to provide a habitat for growth under these experimental conditions. Although an exponential decay model (such as DMFit) could be used to calculate decay rates of bacteria in the water columns of freshwater and marine water microcosms, the fit of the model to the data was poor in sediments. The complexity of bacterial growth and persistence in sediments confounded the exponential decay rate equation, and a more flexible model (such as the Loess model for nonparametric regression analysis) (P. Wanjugi et al., submitted for publication) may be better suited for sediment systems. LA35 levels fluctuated little over time in sediments; therefore, it may be a relatively conservative indicator of fecal contamination in this matrix. Bacteroidales, Salmonella, and Enterococcus persistence patterns were similar except for their initial increase in density, which was followed by a plateau.
Relatively little is known about the persistence of enteric pathogens in aquatic habitats. In this study, the survival of three enteric pathogens, S. enterica, C. jejuni, and C. coli, was followed over time in different salinities and locations (water versus sediment). While S. enterica was inoculated into litter, Campylobacter spp. were naturally present. C. jejuni that was deposited in the litter in poultry feces became undetectable after day 2 in all microcosms. Other studies have documented the sensitivity of C. jejuni to environmental stressors such as temperature fluctuations, starvation, and oxidative stress (66) (67) (68) (69) . Although the organism can enter into a viable but not culturable (VBNC) state (70, 71) , it would still be detectable by qPCR. Extended persistence of C. jejuni has been observed in studies using sterile or disinfected water (71) (72) (73) ; however, these conditions are apparently less stressful than the natural simulations used in this study. Furthermore, those studies seeded C. jejuni into the water, rather than using bacteria of immediate fecal origin.
In comparison, C. coli, which was also of immediate origin from poultry feces, persisted in the microcosms for the entire length of this experiment. Obiri-Danso et al. observed that natural populations of C. jejuni and C. coli were no longer culturable after 6 h to 12 h, depending on the incubation temperature (74) . In freshwater and marine water, levels of the remaining pathogens decreased relatively rapidly for the first 4 days and then leveled off.
The covariance of LA35 with both FIB and pathogens in freshwater and marine water indicates that, under the conditions used for this study, LA35 and the other bacteria have similar persistence (with the exception of the short-lived C. jejuni) in the water column. The relative stability of LA35 levels in the sediments suggests that it could be a conservative tracer of fecal pollution in this environment. These data suggest that LA35 could be a useful marker for estimation of human health risk due to exposure to poultry fecal contamination in receiving waters. Further studies performed under field conditions are required to corroborate this finding. Regulatory agencies and watershed managers can benefit from information regarding the source of impairment, which could lead to decisive action and implementation of immediate remediation measures.
